Objective: Genetic and environmental factors have important roles in multiple sclerosis (MS) susceptibility. The precise nature of these factors and mode of inheritance remains unknown. A female predominance is universally found. Recently, offspring of affected fathers were reported to be more likely to have MS than those of affected mothers. This was attributed to the Carter effect, which is seen in polygenic disorders. The Carter effect predicts that affected parents of the sex lesser affected by a disease/trait are more genetically loaded for risk alleles and thus transmit these more often to their offspring. This hypothesis was tested in a population-based Canadian MS cohort.
Results:
There was equal transmission of MS from affected fathers vs affected mothers (9.41% vs 9.76%). Stratifying by gender of affected parent there were no differences in the female:male sex ratio of affected (2.46% vs 2.41%, p ϭ 0.88) or unaffected offspring (0.91% vs 0.95%, p ϭ 0.46).
Conclusions:
We observed 1 equal disease transmission to offspring from affected mothers and affected fathers, 2 no difference in the female:male sex ratio of affected offspring, and previously The etiology of multiple sclerosis (MS) is unknown. Several studies demonstrate the importance of genes in susceptibility. [1] [2] [3] More than 20% of MS cases are familial in Canada, 4 but the mode of inheritance is unknown. Unequivocal association with MS has been shown with the MHC class II region. [5] [6] [7] [8] Whole-genome linkage studies have shown variable evidence for other genomic regions 6,7,9-11 with few replications. These observations, as well as recurrence risks among first-degree relatives, provide support for a polygenic model of inheritance for MS. However, half-sib concordance 8 implies that this model will prove incorrect and unrecognized features of complexity may operate. The increasing preponderance of MS among females 12 implicates sexually dimorphic liability factors operating in MS susceptibility. A recent report 13 concluded that the Carter effect exists in MS. This is a potentially important conceptual observation suggesting that MS inheritance follows the predicted gender-weighted oligogenic liability. The Carter effect was first described in pyloric stenosis 14 where females (least affected) transmit the disease more often than males. This was attributed to the greater genetic load needed for disease penetrance in females. Given the higher prevalence of MS in females, it was hypothesized that affected males had a higher genetic load and their offspring would be at a greater risk for MS. We evaluated transmission of MS susceptibility in a large Canadian population-based cohort by comparing disease transmission from affected fathers and mothers.
METHODS
As part of the Canadian Collaborative Project on Genetic Susceptibility to MS (CCPGSMS), 15 information has been collected for over 30,000 families. To investigate disease transmission from affected parents, we identified 4,921 pedigrees with confirmed MS cases, where at least one of the parents was affected. We studied those families with children born before 1980 to restrict analysis to offspring having at least reached the peak age at onset for MS. 16 Families with both parents affected (conjugal MS) were removed from the analysis (n ϭ 19). Evaluation of disease transmission from affected parents was carried out by comparing the frequency of affected offspring born to affected fathers to the frequency of affected offspring born to affected mothers. Significance was assessed using Pearson 2 (using Yates continuity correction for 1 df tests).
RESULTS Following the exclusion of conjugal MS families (n ϭ 19) and families with offspring born after 1980 (n ϭ 1,814), a total of 3,088 nuclear families were available for study. Of these, 2,236 had an affected mother (maternal families) and 852 had an affected father (paternal families). The total number of offspring from these families was 8,212 (median number of offspring per family ϭ 2; range ϭ 1 to 15; female:male sex ratio ϭ 1.02) and 793/8,212 had MS (female:male sex ratio ϭ 2.44). The female:male sex ratio of affected offspring from maternal and paternal families is shown separately in table 1.
The affected female:male sex ratio was no different in paternal vs maternal families (2.41% vs 2.46%, p ϭ 0.88; OR ϭ 1.02; 95% CI ϭ 0.7281 to 1.4359). This was also seen in unaffected offspring (0.91% vs 0.95%, p ϭ 0.46; OR: 1.04; CI ϭ 0.9389 to 1.1472; see table 1 ). There were no differences in the distribution of paternal vs maternal sibship size (table 2) .
When disease transmission to offspring from affected fathers was compared to transmission from affected mothers, no differences were found (p ϭ 0.63, OR ϭ 0.96, 95% CI 0.81 to 1.13). Similarly, no differences were observed when comparing transmission for daughters (p ϭ 0.79, OR ϭ 0.97, 95% CI 0.79 to 1.18) and sons (p ϭ 0.77, OR ϭ 0.95, 95% CI 0.71 to 1.28; table 3). We have also analyzed the data by adding those families previously excluded because of post 1980 births (n ϭ 1,814) and the results are unchanged (data not shown).
DISCUSSION MS is a complex trait with an as yet unknown mode of inheritance. The Carter effect 14 describes a mechanism by which individuals of the less affected sex carry a higher genetic load and are thus more likely to transmit the trait/ disease to their offspring. Recently, it has been suggested in MS that affected fathers are more likely to transmit MS compared to affected moth- ers. 13 This study concluded that increased paternal transmission was consistent with the Carter effect. The present study, utilizing a cohort over an order of magnitude larger than the previously published study, does not support their findings. Indeed, there is not a trend in the direction reported.
This investigation of the Carter effect was carried out in 197 nuclear families with one affected parent (146 affected mothers; 52 affected fathers; 45 affected offspring; 391 unaffected offspring). Primary analysis used cases with definite MS (n ϭ 197 families) while a secondary analysis combined definite and possible MS cases (n ϭ 255 nuclear families). 2 They found that among the definite MS cases, affected fathers transmitted MS to their offspring more often than affected mothers. This effect appeared to be independent of offspring sex. The secondary analysis which included both definite and possible MS followed the same trend but did not reach significance. The findings of this study, if correct, imply a polygenic mode of inheritance for MS, but the cohort used may not be immune to ascertainment bias.
In our Canadian cohort, we used only definite MS cases. We included families with one affected parent and studied affected offspring born before 1980. In a total of 3,088 families, we found no differences in the overall number or sex ratio of offspring born to affected mothers and fathers, nor did we observe differences in paternal vs maternal MS transmission. To address a possible effect caused by the sex of the offspring and to take into account the female preponderance in MS, transmission to daughters and sons was compared within maternal and paternal families. These comparisons showed that affected mothers and fathers were equally likely to transmit MS to their offspring.
Studies investigating parent-of-origin effects in MS concur that an affected parent increases risk for offspring. [17] [18] [19] [20] The question of maternal vs paternal effect has produced what might be seen as conflicting evidence. A study of concordant parent-child pairs 19 did not observe any effect of the sex of the affected parent on the sex of affected offspring. Nonetheless, the study suggested slight affected parent effects on clinical features including an earlier age at onset to daughters of affected mothers and increased risk for primary progressive MS for sons of affected fathers. A recent Danish population-based study of absolute risks to relatives of patients with MS concluded that the gender-specific risk to relatives of male and female patients with MS was increased 20 but only as attributable to the gender variations in the background MS incidence. Of interest, an early Canadian study 26 tested goodness of fit of MS to the polygenic threshold model and this model was rejected.
Previous reports using parent-child cohorts from the CCPGSMS have examined factors related to increased sibling risk. A trend for increased sib recurrence risks among offspring of affected fathers was reported, although not formally significant. 17 A later report 18 concurred with the increased risk to the offspring of affected parents, but was underpowered to exclude an effect of sex of the affected parent. An increased risk to siblings of affected males was not observed as would be expected if the heritability conditions responsible for the Carter effect were operating in MS.
The much larger study reported here combined the families used in the previous CCPGSMS reports with 2,436 families not previously included. No distortion in disease transmission from affected mothers vs affected fathers was Only definite MS cases included. Affected parent n ϭ 3,088 (852 paternal, 2,236 maternal).
found. There appears to be a clear difference between transmission of risk from an affected parent compared to an unaffected parent, possibly providing an important clue to the modes of transmission of risk. To illustrate, concordant half-sib pairs from the CCPGSMS demonstrated a significant maternal effect 3 as do some unpublished twin data (Ebers and Sadovnick). However, influence on risk from each parental side was established recently. 27 The drop in MS concordance from monozygotic to dizygotic twins, 21 as well as mathematical approximations based on recurrence risks, 22 have led to the assumption that many genes are involved in MS susceptibility. This has not been coherent with other comparisons. Given that the drop in concordance from full to half-siblings is contrary to expectation 3 and that genome-wide studies have failed to find consistent linkage other than to the MHC class II region, 6, 7, 23, 24 this hypothesis is not on solid ground. We recently followed up all previous linkage hits in the Canadian samples and have suggested that the paradigm being used to justify and analyze further linkage searches may need rethinking. 24 Findings from a timing of birth study 25 as well as from the aforementioned half-sib study 3 imply that inheritance patterns of MS susceptibility are affected by environmental effects and potentially even by epigenetic processes. It has been shown that there has been a steady temporal increase in the female-to-male sex ratio in MS, 12 suggesting that female risk is more strongly influenced by the environment.
